Abstract-Finely crystalline cobalt-molybdenum-tungsten coatings were deposited in the nonsteady-state mode from a polyligand citrate-pyrophosphate electrolyte at a concentration ratio of the alloy-forming components Co 2+ / (WO 4 2-+ MoO 4 2-) = 1 : 1 and citrate/pyrophosphate ligands of 1 : 2. It was found that the quantitative composition and current effi ciency by the ternary alloy depends on the current density. The effect of energy-and time-related parameters of the pulsed electrolysis on the surface morphology and roughness was studied. It was shown that, as the total content of refractory metals in Co-Mo-W coatings increases, the corrosion rate decreases in the acid medium and increases in the alkaline medium because of the instability of molybdenum and tungsten oxides.
Particular attention is given in modern industrial manufacture to development and implementation of new progressive technologies. A particular place is occupied among the most demanded materials by cobalt alloys, whose spectrum of functional properties is broadened by alloying with refractory metals and, in particular, tungsten and molybdenum. Introduction of refractory metals into coatings makes it possible to obtain corrosion-resistant, catalytic, magnetic, and highstrength materials [1] with a wide variety of application areas.
Depending on the component ratio, the properties of alloys of this kind may strongly vary: alloys with high content of cobalt exhibit magnetic properties and can be used in devices for information recording and storage; alloys with high content of molybdenum and tungsten have a high hardness, chemical and corrosion resistance, alloys of this kind can be used to improve the wear resistance of machine parts operating in corrosive media at high temperatures.
These alloys are commonly obtained by alloying or condensation of the necessary components, which are either energy-intensive or require use of high-precision equipment, whereas the galvanochemical technologies foe their deposition are devoid of these shortcomings and create the minimum technogenic load on the environment [2] [3] [4] [5] .
Individual coating with tungsten and molybdenum cannot be deposited from aqueous solutions; however, their codeposition into an alloy with iron-subgroup metals (Fe, Co, Ni) is well known [6, 7] . Alloys of cobalt with tungsten and molybdenum are more frequently deposited from electrolytes based on citrate, chloridecitrate, pyrophosphate, and pyrophosphate-citrate complexes, and introduction of sodium ethylenediaminetetraacetate (EDTA) into an electrolytic bath favors an increase in the content of refractory components in the alloy [8] . However, it follows from an analysis of scientifi c-technological and patent sources that the information about binary alloys is prevalent, whereas that about electrolytic formation of ternary alloys of cobalt with molybdenum and tungsten is hardly available, although a synergic effect would be expected for these alloys. Development of theoretical foundations for obtaining electrolytic alloys of this kind, optimization of the electrolyte compositions and electrolysis parameters, and study of the functional properties of coatings with ternary alloys are of indubitable interest, and just this circumstance predetermined the goal of the present study.
EXPERIMENTAL
The cobalt-molybdenum-tungsten alloy was electrodeposited from a polyligand citrate-pyrophosphate electrolyte with unipolar pulsed current with amplitude of 4-27.5 A dm -2 at frequencies in the range f = 19-910 Hz. The pulse width was varied within the range τ pulse = 2 × 10 -3 -2 × 10 -1 s, and that of the pause, τ pause = 2 × 10 -1 s, with the duty factor q = (τ pulse + τ pause )/τ pulse being 2-20. The electrodeposition modes were set with a PI-50-1.1 potentiostat with a PR-8 programming unit. The potentiostat was equipped with a board for automated on-line data recording with a program specially developed for digitization of the measurement results. Parallel cobalt plates served as soluble anodes. The electrolyte pH was set to 8-10 by introduction of potassium hydroxide and monitored and adjusted in the course of experiments. The alloy coatings were deposited at temperatures of 293 to 343 K.
Solutions were prepared from analytically pure reagents: CoSO 4 ·7H 2 O, Na 2 MoO 4 ·2H 2 O, Na 2 WO 4 ·2H 2 O, Na 3 C 6 H 5 O 7 ·3H 2 O, and K 4 P 2 O 7 . The reagents were dissolved in small amounts of distilled water, after which the solutions were mixed in a certain order with consideration for the complexation processes in the electrolyte bulk [9, 10] .
The alloy coatings were deposited onto copper and St.3 steel substrates. The sample surface was prepared by the commonly accepted procedure, depending on the nature of a material.
The current effi ciency (CE) by the alloys was determined gravimetrically on the assumption that metals are incorporated into the coatings in the fully reduced state. The theoretical gain in mass as a result of the electrodeposition was calculated by the Faraday law, the electrochemical equivalent of an alloy, k e , was found by the formula where ω i is the content of ith component in the alloy (wt %), and k i is the electrochemical equivalent of ith component of the alloy (kg C -1 ).
The practical gain in mass was used to calculate the thickness of the alloy coating obtained, for which purpose the density of the alloy was determined:
where ρ i is the density of the ith component of the alloy (kg m -3 ) .
The chemical composition of the coatings was determined by the X-ray fl uorescence method with a S prut portative spectrometer, and the phase composition, with a DRON-3M X-ray diffractometer (CuK α radiation, λ = 1.5405 Å). The elemental composition and the surface morphology of the coatings were analyzed by scanning electron microscopy (SEM) with a Zeiss EVO 40XVP microscope. Images were obtained by recording secondary electrons via scanning with an electron beam, which made it possible to examine the topography with high resolution and contrast. The error in measuring the content of the components was ±1 wt %.
The surface roughness was determined with an NT-206 atomic-force probe microscope. The scanning areas were chosen in the upper, middle, and lower parts of a sample at a distance of 1500 μm from each other. The scanning was performed by the contact method with a CSC-37 probe and B cantilever with a lateral resolving capacity of 3 nm. The identity of the surface characteristics at different parts of a sample was observed for all the structures, which enabled extrapolation of the data to the characteristics of a whole sample.
The corrosion resistance of the materials was evaluated on the basis of gravimetric and polarization measurements. The corrosion current density jcor was determined by extrapolation at the intersection point of linear portions of the partial anodic and cathodic polarization dependences plotted in the Tafel coordinates log i-ΔE at a corrosion potential E cor .
The known values of the corrosion current were used to calculate the depth corrosion index k h by the equation where j cor is the corrosion current density (A m -2 ).
∑ ∑ RESULTS AND DISCUSSION
Based on the previously determined alloying mechanism, we can assume that use of nonsteady-state electrolysis, e.g., with a unipolar current, favors a fuller extent of the chemical processes in which tungstates and molybdates are reduced [11] . In addition, the application of the pulsed mode can intensify the process in which Co-Mo-W coatings are deposited to 0.85-0.9 μm min -1 ( Fig. 1) owing to the signifi cantly extended range of working current densities.
The suggested range of current density amplitudes is determined by the fact that the upper limit of the amplitude corresponds to the ultimate diffusion density of the cathodic current, above which the coating quality is deteriorated due to the inclusion of metal oxides and hydroxides and to the buildup of internal stresses, evidenced by the existence of a network of cracks. The current effi ciency also steadily decreases with increasing current density because of the intensifi cation of the parallel reaction of hydrogen evolution. Atomic hydrogen formed during electrolysis and adsorbed on the cathode surface can chemically reduce tungsten and molybdenum compounds, thereby making higher their content in a coating [12] .
As demonstrated by the optical-microscopic data, use of nonsteady-state polarization modes makes it possible to obtain high-quality deposits: even, uniform, fi nely crystalline, and crack-free (Fig. 2) . Indeed, coatings are formed without visible defects at suffi ciently high working currents, but, all other conditions being the same, the composition and structure of surface layers also strongly depend on the technological parameters: electrolyte pH, temperature, agitation intensity, anode material, etc. [13] . A study of the morphology of the synthesized coatings (Fig. 3) by atomic-force microscopy made it possible to estimate the size of grains and associates and evaluate the degree of surface development of the fi lms obtained. It was found that, at a content of refractory components at the level ω(W, Mo) ≈ 30 wt %, the size of spheroids constituted by coalescent crystallites and seen in the images is up to 600 nm, which is substantially smaller than that for alloy coatings with lower content of tungsten and molybdenum.
The corrosion resistance of the Co-Mo-W alloy coatings was evaluated by the depth corrosion index (Fig. 4) . It was found that the corrosion rate in an acid medium decreases with increasing total content of the refractory components due to the ability of tungsten and molybdenum to form acid oxides. In turn, cobalt exhibits a higher chemical resistance in alkaline and neutral media [14] , and the corrosion resistance of an alloy is determined by the relative amounts of the components.
CONCLUSIONS
(1) Application of nonsteady-state electrolysis modes makes it possible to deposit fi nely crystalline uniform coatings composed of ternary cobalt alloys with varied content of tungsten and molybdenum from a citratepyrophosphate electrolyte.
(2) Co-Mo-W alloy coatings have amorphous structure which is a prerequisite for development of new promising materials with wide spectrum of functional properties.
(3) The coatings exhibit higher corrosion resistance in media with various acidities, compared with the base material. The values of the depth corrosion index make it possible to attribute Co-Mo-W alloys to rather stable materials and regard these alloys as promising materials for corrosion protection. 
